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Recent progress in the field of meson production in hadron collisions is presented. Special
emphasis is put new developments in the application of effective field theory methods
to pion production, but also theoretical concepts for two–pion, η, and vector–meson
production will be presented.
1. Introduction
As a consequence of the large coupling strength of Quantum–Chromo Dynamics
(QCD) at low and intermediate energies, standard perturbative methods fail —
in fact, the interaction gets so strong at increasing distances that it confines all
color–charged particles (quarks and gluons) into areas of the order of 10−15 m —
only those particles that are neutral with respect to the color force (these are called
hadrons) are allowed to travel longer distances. Due to this complication, strong
QCD is one of the last terrae incognitae of the Standard Model.
To theoretically approach this interesting regime there are currently three op-
tions available: One is to use so called QCD inspired quark models. Especially
in spectroscopy they are widely used and lead to very useful insights on hadron
structure — see Ref. 1. On the other hand, the application of those approaches to
hadron dynamics is technically very involved and often only lead to a qualitative
agreement with the phenomenology. Theoretically more sound is to solve QCD nu-
merically with large scale simulation in a discretized space. This method is called
lattice QCD. A lot of progress was made in recent years. E.g. in Ref. 2 the glue–
ball spectrum is calculated in pure Yang–Mills theory. In addition, first results for
hadron–hadron scattering processes at low energies were reported recently 3.
The third alternative is to work directly with the physical degrees of freedom
relevant at the given energy, namely with hadrons. On the first glance it seems as if
in this approach the connection to QCD were lost, however, with the advent of ef-
fective field theories some 30 years ago 4 this connection became well established. It
is nowadays possible to preform calculations with hadronic degrees of freedom with
1
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high accuracy and contolled uncertainty. The probalbly most impressive amongst
those works is the recent determination of the pi− pi scattering lengths using chiral
perturbation theory (ChPT) — the effective field theory for the standard model at
low energies — in combination with dispersion theory 5.
The reason why it became possible to study QCD by looking at hadronic observ-
ables directly is its approximate SU(2)L×SU(2)R symmetry, spontaneously broken
to SU(2)V . This mechanism leads to the appearance of the three pions as pseudo–
Goldstone bosons that are interacting only weakly at low energies. In consequence
there is, at low energies, a separation of scales between the pion mass/momenta
and the typical hadronic scale set by Λχ ≃ 4pifpi ≃ MN ≃ 1 GeV, where fpi and
MN denote the pion decay constant and the nucleon mass, respectively. In addition,
the structure of the interactions of pions with each other as well as heavy fields is
largely controlled by the above mentioned symmetry group. The resulting effective
field theory is the above mentioned ChPT. For a recent review see 6.
The standard expansion parameters of ChPT are mpi/Λχ and q/Λχ, where mpi
and q denote the pion mass and a typical momentum of the reaction, respectively.
ChPT is a non–renormalizable field theory, however, by construction it can be
renormalized with a finite number of counter terms — the so called low energy
constants (LECs) — at each order in the expasion. As a consequence with increas-
ing orders new parameters appear in the theory. Ideally those are to be fixed from
experiment directly. In case of a lack of experimental information or in order to
understand the phenomenological content of LECs, their values may be determined
from matching to models that contain heavier degrees of freedom explicitly. This
program, called resonance saturation, was carried through successfully for pipi scat-
tering 7, piN scattering 8, and NN scattering 9. In any case the predictive power
of the theory emerges from the fact the the same LECs contribute to very different
reactions. Examples of this will be given below.
2. NN → NNpi
A first step to calculate elastic and inelastic pion reactions on the few nucleon sys-
tem was taken by Weinberg already in 1992 10. He suggested that all that needs to
be done is to convolute transition operators, calculated perturbatively in standard
chiral perturbation theory (ChPT), with proper nuclear wave functions to account
for the non–perturbative character of the few–nucleon systems. This procedure com-
bines the distorted wave born approximation, used routinely in phenomenological
calculations, with a systematic power counting for the production operators. Within
ChPT this idea was already applied to a large number of reactions like pid→ pid 11,
γd → pi0d 12,13, pi3He→ pi3He 14, pi−d → γnn 15, and γd → pi+nn 16,17, where
only the most recent references are given.
The central concept to be used in the construction of the transition operators
is that of reducibility, for it allows one to disentangle effects of the wave functions
and those from the transition operators. As long as the operators are energy in-
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dependent, the scheme can be applied straight forwardly 18, however, for energy
dependent interactions more care is necessary, for typically induced non–reducible
pieces appear. For the reaction pp→ dpi+ this is demonstrated in detail in Ref. 19,
where a subtle interplay between these and other one loop integrals was found.
Using standard ChPT especially means to treat the nucleon as a heavy field.
Corrections due to the finite nucleon mass, MN , appear as contact interactions on
the lagrangian level that are necessarily analytic in MN . However, some pion–few-
nucleon diagrams employ few–body singularities that lead to contributions non–
analytic in mpi/MN , with mpi for the pion mass. In Ref.
20 it is explained how to
deal with those.
A problem was observed when the original scheme by Weinberg was applied to
the reactions NN → NNpi 21,22,23: Potentially higher order corrections turned out
to be large and lead to even larger disagreement between theory and experiment. For
the reaction pp → pppi0 one loop diagrams that in the Weinberg counting appear
only at NNLO where evaluated 24,25 and they turned out to give even larger
corrections putting into question the convergence of the whole series. However,
already quite early the authors of Refs. 26,27 stressed that an additional new scale
enters, when looking at reactions of the type NN → NNpi, that needs to be
accounted for in the power counting. Since the two nucleons in the initial state
need to have sufficiently high kinetic energy to put the pion in the final state on–
shell, the initial momentum needs to be larger than
pthr =
√
MNmpi −→ pthr/Λχ ≃ 0.4. (1)
The proper way to include this scale was presented in Ref. 28 and implemented in
Ref. 29 — for a recent review see Ref. 30. As a result, pion p-waves are given by tree
level diagrams up to NNLO in the modified power counting and the corresponding
calculations showed satisfying agreement with the data 28. However, for pion s–
waves loops appear already at NLO. Those were studied in detail in Ref. 19. The
loops turned out to undergo sizable cancellations. The net effect of going to NLO
was that the most important operator (upper diagram of Fig. 2, left panel), first
investigated in Ref. 31 got enhanced by a factor of 4/3 which was sufficient to
overcome the apparent discrepancy with the data. Since the Delta–nucleon mass
difference, ∆, is numerically of the order of pthr, also the Delta–isobar should be
taken into account explicitly as a dynamical degree of freedom 26 — in line with
phenomenological findings 32,33.
Once the reaction NN → dpi is understood within effective field theory one is in
the position to also calculate the so–called dispersive and absorptive corrections to
the pid scattering length. With these results, presented in Ref. 34,35, a high accu-
racy determination of the piN scattering lengths using information on apid becomes
possible — for a review of the latter subject we refer to Ref. 37.
In Ref. 28 it was stressed that there is a close connection between the leading
(N¯N)2pi counter term and an important term in the three–nucleon force. The latter
is discussed, e.g., in Ref. 38. In addition, it is again the same operator that also
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NN     NN pi
NN     deν
pi      γd     NN
pd     pd
Fig. 1. Illustration of the various reactions, where the leading 4Npi–contact term contributes.
appears in γd→ pi+NN and pid→ γNN 39 as well as in weak reactions like tritium
beta decay 40,41. The appearance of the same operator in various reactions is illus-
trated in Fig. 1. Note that the same operator appears in all these reactions in very
different kinematics ranging from very low energies for both incoming and outgoing
NN pairs in pd scattering and the weak interactions up to relatively high initial
energies for the NN induced pion production. In Ref. 42 an aparent discrepancy
between the strength of the counter term needed in pp→ pnpi+ and in tritium beta
decay was reported. This difference might indicate a non–applicability of ChPT to
the reactions NN → NNpi. On the other hand, in the partial wave analysis of the
pp→ pnpi+ 43 it was assumed that the isospion 1 NN final state contributes in the
S–wave only. However, it was shown in Refs. 44,45 that is assumption is not jus-
tified. Further experimental and theoretical studies are clearly called for to resolve
this issue. Here the planned double–polarization measurements at COSY are very
important 46.
As mentioned above the mechanism of spontaneous symmetry breaking con-
straints the interactions of pions in a very non–trivial way. One of the most striking
examples is that the contributions to the proton–neutron mass difference get linked
to the leading, isospin violating piN scattering 47,48. Since it is possible to manip-
ulate the total isospin of a hadronic reaction using light nuclei either in the final or
the initial state, pion production in NN and dd collisions proved as ideal to study
these isospin violations. The measurements of the forward–backward assymmetry
in pn → dpi0 49 and of the total cross section for dd → αpi0 50 show clearly the
presence of isospin violation also in hadron dynamics beyond effects resulting from
pion mass differences. Theoretically first steps for a consistent analysis of the two
reactions were taken in Ref. 51 and Refs. 52, respectively. It is important to note
that the operator structure of the leading operators in the reactions mentioned
above, which is fixed by the assumed symmetry properties of the QCD+QED, also
appears in isospin violating decays of Ds(2317) mesons
53. This again is a good ex-
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NN    NNNN    NN pi pipi
Fig. 2. Leading nucleonic diagrams that contribute to NN → NNpi (left panel) and NN → NNpipi
(right panel) near threshold. Solid (dashed) lines denote nucleons (pions), solid dots (encircled
dots) denote vertices from the leading (next–to–leading) Lagrangian.
ample how effective field theories by connecting different reactions allow for deeper
insights into the underlying theory. In order to establish this connection better data
for both systems is needed. In case of dd→ αpi0 this will be provided by WASA at
COSY 54, in case of the Ds decay by PANDA at FAIR.
3. Two–pion production
In recent years the reactions NN → NNpipi was studied both phenomenologi-
cally 55 as well as experimentally 56,57,58. However, so far no effective field theory
calculation exists for this class of reactions.
In case of two–pion production the threshold momentum is even larger and ac-
coringly the expansion parameter relevant for reactions of the type NN → NNpipi
is pthr/Λχ = 0.54, which makes the applicability of ChPT here questionable. How-
ever, it is still instructive to investigate the structure of diagrams that contribute at
the lowest orders. In the right panel of Fig. 2 the nucleonic diagrams are shown that
contribute to leading order to two–pion production in nucleon–nucleon collisions at
threshold. Note that at leading order for some of these there are counter parts that
contain the Delta–isobar.
For comparision in the left panel we show those that contribute to leading order
to NN → NNpi. Obviously, the number of diagrams that contributes increased
significantly. It remains to be seen how well this set of amplitudes describes the
production amplitude near threshold. In this context it is important to note that
the phenomenological amplitudes of Ref. 55 are not able to explain the empirical
data 57,58. In this work only some of the diagrams shown above are included.
Again, already at next–to–leading order loops start to contribute. In the two
pion production those consist of two sucessive one pion emissions. These loops are
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known to be finitea and do not introduce any new parameters. At N2LO, addi-
tional loops contribute. Those are divergent and, consequently, at this order the
first counter–terms enter the calculation. Note, the concept of resonance saturation
allows one to identify these counter terms with some of the baryon resonance con-
tributions that were included in the calculations of Ref. 55. In calculations for single
pion production in NN collisions the Delta isobar needs to be kept as a dynamical
degree of freedom. Tree level diagrams including the Delta therefore appear already
at rather low orders. It remains to be seen, if a similar promotion of resonace di-
agrams is necessary for additional resonances in case of the two pion production.
A good candidate for this might be the Roper resonance that is believed to have
a significant two pion contribution 59 which results in a sizable empirical coupling
to the two–pion channels 60,55,61.
Nowadays a large number of differential and even polarized data are available
for the two pion reactions in nucleon–nucleon collisions 58. It will be very important
to investigate the interplay of the diagrams controlled by chiral symmetry (see, e.g.,
Fig. 2) and the resonance contributions as the excess energy increases. Especially to
analyse the polarization data a proper inclusion of final and initial state interactions
is essential, for analysing powers are given by the imaginary parts of interference
terms and the NN–distorsions are the essential source of non–vanishing phases.
These issues will be investigated in the coming year.
4. Production of heavier mesons
Was it already questionable, if the chiral expansion can still be applied for the two
pion production processes, it is out of question that there is no way to use it to
study the production of heavier mesons. Already for η production, we get pthr/Λχ ≃√
mη/MN = 0.8 . Does this mean that there is no model independent approach
possible in this case? Fortunately the answer to this question is no. It is well known
that for large momentum transfer reactions the final state interactions become
universal 62. Thus, as soon as one studies a reaction with sufficiently strong final
state interactions, it is possible to disentangle those from the production operator in
a model–intependent fashion. The signal of the final state interaction is a distorsion
of the invariant mass distributions of outgoing particles. It should be stressed that it
is non–trivial to make the connection of the signal of final–state interactions to the
scattering parameters quantitative 63 (for elastic final state interactions a method
derived in Ref. 64) and that in the presence of such strong final state interactions
a determination of the strength of the total production amplitude seems not to be
possible model independently 65.
A very nice example for the given discussion is the observation of the strong
η3He interaction in the reactions γ3He→ η3He 66 and pd → η3He 67,68,69 – see
also talk by A. Khoukaz at this conference. In both reactions a very pronounced
aThe same class of diagrams was studied in different kinematics in Refs. 34,35.
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rise in the amplitude is seen very close to the production threshold pointing at
a very near–by singularity in the η3He scattering amplitude 70. In addition, the
angular assymmetry shows a very unusal energy dependence 71. In order to decide
whether the η–He interaction is sufficiently strong to form a bound state, additional
sub–threshold data is necessary. Such data exists 66, however, not yet of sufficient
accuracy to decide on the subject 72.
In some cases it is also possible to deduce information on the production op-
erator itself directly from observables even in the case of the production of heavy
mesons. A nice example is vector–meson production in nucleon–nucleon collisions.
There was the hope that significant deviations from predictions based on the OZI–
rule 73 in case of strangeness production might allow one to draw conclusions on
the strangeness content of the nucleon 74,75. The OZI ratio was also studied in
nucleon–nucleon induced reactions via a comparison of φ and ω production cross
sections. Clearly, although the absolute value of the matrix elements can at present
not be controlled theoretically, the ratio of production cross sections contains valu-
able information that my be extracted from the data using the method explained
in Ref. 76 The angular distributions of the φ production near threshold revealed
that the reaction is dominated by a meson exchange current and not by vector
meson emission off a single nucleon 77,78 and thus no direct information on the
strangeness content of the nucleon can be extracted. On the other hand is a de-
viation of the expectations of the OZI rule even in this case interesting. In this
context it is important to understand the role of resonances in the vector meson
production — see, e.g. Refs. 79,80. Although a recent experimental study indicates
that the reaction mechanisms might be the same for ω and φ production in NN
collisions 81, further studies, especially with polarized beam, are necessary, before
this issue can be resolved. Especially additional information on differential observ-
ables might reveal the role played by a possible pentaquark that strongly couples
to φp 76.
5. Outlook
In the years to come significant theoretical progress in the pion production reac-
tions is to be expected. Single pion production will be caluclated up to N2LO.
In addition two– and three–pion production on the two–nucleon system and pion
production on few–nucleon systems will be studied. This will pave the way for
high accuracy calculations for the isospin violating reactions. For the production of
heavier mesons better data will provide deeper insight, e.g., into the interactions of
unstable particles.
To summarize, in recent years in the field of non–strange meson production in
hadronic collisions significant progress was made on both the theoretical as well as
the experimental side. The years to come promise deep insights into the structure
and dynamics of strongly interacting particles.
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